Two-pore domain K + channels encoded by genes KCNK1-17 (K2p1-17) play important roles in regulating cell excitability. We report here that rat taste receptor cells (TRCs) highly express TASK-2 (KCNK5; K2p5.1) and to a much lesser extent TALK-1 (KCNK16; K2p16.1) and TASK-1 (KCNK3; K2p3.1) and suggest potentially important roles for these channels in setting resting membrane potentials and in sour taste transduction. Whole-cell recordings of isolated TRCs demonstrate that a leak K + (K leak ) current in a subset of TRCs exhibited high sensitivity to acidic extracellular pH similar to reported properties of TASK-2 and TALK-1 channels. A drop in bath pH from 7.4 to 6
Introduction
Taste stimuli interact with receptors or ion channels of taste receptor cells (TRCs), which guides the acquisition of nutrients and avoidance of toxins. Acids elicit sour taste, with the degree of sourness a function of proton concentration. Mechanisms of sour transduction involve multiple ion channels (Gilbertson et al. 1992; 1993; Kinnamon et al. 1988; Kinnamon and Roper 1988; Lin et al. 2002a; Miyamoto et al. 1988; Stevens et al. 2001; Ugawa et al. 1998) , membrane proteins (Bigiani and Roper 1994; Okada et al. 1987; 1993) and intracellular molecules (Liu and Simon 2001; Lyall et al. 2001; Richter et al., 2003; Stewart et al. 1998 ). Thus, sour taste coding appears to integrate signals from multiple pathways.
TRCs are excitatory, generating spontaneous and evoked action potentials. The excitability is regulated by potassium channels that set resting membrane potentials (V rest ) and regulate action potential frequency (Hille 2001) . In TRCs, control of V rest has been attributed to delayed rectifying K + (K DR ) channels, leak K + (K leak ) channels (Kolesnikov and Bobkow 2000; Miyamoto et al. 1991; Okada et al. 1985; Roper and McBride 1989) and inward rectifier K + (K ir ) channels (Sun and Herness 1996) . However, V rest in most
TRCs is from -36 to -69 mV (Miyamoto et al. 2000) , potentials where K DR and K ir conduct little current (Chen et al. 1996) . Recently, a leak K + channel (K leak ) was found in mouse taste buds cells, conducting time-and voltage-independent currents and contributing to setting V rest (Bigiani 2001) . Its molecular identity has not been determined.
We previously reported that acids depolarize taste receptor cells by two different mechanisms: activation of an inward current, possibly mediated by acid-sensing ion 4 channels (ASICs; Lin et al. 2002a) ; and suppression of a steady-state leak conductance (Lin et al. 2002b) . Preliminary studies revealed that the acid-suppressed conductance shared properties with the reported K leak in mouse (Bigiani 2001) and with the cloned two-pore domain K + (K 2P ) channels of the TASK family (TWIK-related Acid-Sensitive K + channel; Duprat at al 1997; Girard et al. 2001; Kim et al. 1998; Kim et al. 2000; Leonoudakis et al. 1998; Rajan et al. 2000; Reyes et al. 1998) , which are sensitive to extracellular pH (Millar et al. 2000) and contribute to the establishment of V rest .
Recently, an additional member of the K2P family, TALK-1 (TWIK-related alkaline pH activated K + channel type 1; Han et al. 2003) , has been identified whose properties closely match those of TASK-2.The voltage-independent activation and openrectification of TASKs permit substantial current at both V rest and depolarized potentials.
Thus, TASKs could provide potential mechanisms for sour taste transduction and the control of V rest in TRCs. Since acid is present in foods commonly; and sour-sensitive
TRCs respond broadly to stimuli with different modalities (Caicedo et al. 2002; Gilbertson et al. 2001; Sato and Beidler 1997) , acid modification of V rest via TASKs may modulate other taste sensations.
Using H + -sensitivity as a reporter in whole-cell recordings, we characterized TASK-like currents in TRCs. We show that some TRCs possess a highly H + -sensitive K leak conductance that controls V rest . Immunocytochemical and molecular biological approaches demonstrate the presence of TASK-like channels in rat taste buds; and TASK-2 is the most highly expressed of these channels. Together, we provide strong evidence for the presence of a subset of K2P channels in TRCs and suggest potential 5 roles in setting V rest and in sour taste transduction. Preliminary results have been published in abstract form (Burks et al. 2003; Lin et al. 2002b ).
Materials and Methods
Electrophysiological recordings. Adult Sprague-Dawley male rats were used in this study. Vallate papillae taste bud isolation, whole-cell patch-clamp recordings and data acquisition were as described previously (Lin et al. 2002a) . The bath solution (Tyrode's) was comprised of (in mM) NaCl 140, KCl 5, MgCl 2 1, CaCl 2 1, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer (HEPES) 10, glucose 10 and sodium pyruvate 10 (pH 7.4 with NaOH 
2000
; Reyes et al. 1998) . Negative controls involved omitting the primary antibodies and pre-incubation of the primary antiserum with immuno-peptides provided by the company.
Pictures were taken with an Olympus Fluoview laser scanning confocal microscope.
Western blotting. To verify whether the antibody against the TASK-2 binds to protein in taste tissue with corresponding molecular weight, Western blotting was performed using an anti-TASK-2 antibody. Taste tissue containing vallate and foliate papillae collected from three adult rats and brain tissue (cortical layer) were homogenized in a buffer containing: 50 mM HEPES, 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 1% Triton-X 100, and protease inhibitors (Sigma) 2 µg/ml aprotinin, 5 µg/ml leupeptin, and 34 µg/ml PMSF. Homogenates were centrifuged at 15,000 rpm for 30 min. About 10 µl taste tissue supernatant and 9 µl of brain supernatant containing 100 8 µg total protein each were separated by SDS-PAGE on Tris-HCl gels (10 %; Bio-Rad, CA) and then transferred onto a polyvinylidene difluoride membranes (Bio-Rad). The membranes were incubated with 5 % non-fat dry milk in Tris-based saline for 1 hour at room temperature followed by incubation with anti-TASK-2 antibody (1:300; Alomone Labs, Jerusalem) overnight at 4 o C on a shaker. After rinsing, the membrane was incubated with a goat anti-rabbit secondary antibody conjugated with horseradish peroxidase (1:50,000; Bio-Rad) for one hour at room temperature. and 60 s annealing and extension at 60°C) and TALK-1 (15 s denaturation at 95°C
and 60 s annealing and extension at 62°C) while a 3-step PCR protocol (15 s denaturation at 95°C, 30 s annealing at 57°C and 30 s extension at 72°C) was used to amplify TASK2.
Primers and probes were designed for the three TASK channels, TALK-1 and the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using Oligo 6.0 Primer Analysis Software (Molecular Biology Insights, Inc., Cascade, CO). Primer and probe sequences for the qPCR assays are listed in Table 1 . We used a TaqMan (ABI) detection system in which the primer pairs for channel-specific sequences were multiplexed with the primer pairs for GAPDH for comparison of expression levels in the 11 3 types of taste buds (Bustin, 2000) . Channel-specific probes were labeled at the 5'-end with FAM as the reporter fluorophore and BHQ-1 at the 3'-end as the quencher. The GAPDH probe was labeled with ROX as the reporter fluorophore and BHQ-2 as the quencher. All probes were obtained from Integrated DNA Technologies (Coralville IA).
All qPCR assays were carried out in triplicate and a minimum of three independent experiments was conducted.
For quantitative analysis, fluorescent signals of the samples were plotted against the respective qPCR cycle number. The cycle at which the growth curve crossed 30 fluorescent units was defined as the cycle threshold (C T ). This user-defined threshold was selected to occur during the log-linear phase of the growth curve, which is inversely proportional to the starting amount of target in the sample. Exact cycle thresholds were measured for the three TASK channels and TALK-1 as well as for the housekeeping gene, GAPDH. Delta C T (∆C T ) was calculated by subtracting the GAPDH C T from the individual K 2P channel C T . Comparing ∆C T values allowed for detection of relative transcript abundance between different sets of pooled taste buds by normalizing TASK channel expression to a constitutively expressed gene. Therefore, the smaller the ∆C T , the higher that K 2P channel is expressed in the particular taste bud type. For relative quantitation of our samples, the arithmetic formula 2 -∆∆C T was used and takes into account the amount of target, normalized to an endogenous reference and relative to a calibrator.
The K 2P channel with the highest expression (or the lowest ∆C T ) for each set of pooled taste receptor cells was defined as the calibrator for that set. The calculation of ∆∆C T involved subtraction of the ∆C T for each channel from the ∆C T calibrator value. The relative amount of target expression was determined according to the following relation (Applied Biosystems, 1997):
where, C T is the cycle threshold for the K 2P channels or GAPDH determined empirically; C T CAL is the cycle threshold for the calibrator, the most highly expressed channel in each assay. Mean relative expression values and standard deviations were calculated from the three individual sets of pooled taste bud types. To determine if there were significant differences among the expression of K 2P channels in the three taste bud types multiple pair wise comparisons were made using a one-way ANOVA followed by Bonferroni's post hoc test for significance (SPSS 10.0, SPSS Inc. Chicago IL).
To determine if the efficiencies of the target and reference (GAPDH) amplification were consistent across template dilutions, we evaluated the ∆C T values for each set of K 2P primers and GAPDH in three separate multiplexed reactions. For each of the PCR reactions, the absolute value of the slope of the log input versus ∆C T was <0.1 demonstrating equal amplification efficiencies for the different starting template concentrations (cf. Fig. 6 , inset). There was no effect on C T values when the GAPDH primers were either limited or not limited in the reactions. with a sizable sustained inward current accompanied by a significant reduction of the membrane conductance (Fig. 1A) , leading to cell depolarization in current clamp configuration (Fig. 1B) . The majority of cells (120) relationship (n = 3 -5 cells) was plotted (Fig. 1C) , showing the acid-sensitive current reversed at -90 mV, a potential that was close to the equilibrium potential of K + (E K ), which was calculated to be -94 mV. The I-V curve was fitted well to the Goldman- , a common inhibitor of two-pore domain channels (Ashmole et al. 2001; Duprat et al. 1997; Girard et al. 2001; Kim et al. 1998; Kim et al. 2000; Leonoudakis et al. 1998; Rajan et al. 2000; Reyes et al. 1998 ).
Results

Patch
The K leak conductance in taste cells reported by Bigiani (2001) also is insensitive to TEA but blocked by Ba
2+
. We therefore examined effects of TEA and Ba 2+ on the acidsensitive K leak in TRCs. As shown in Fig. 2B , TEA (10 mM) added to the bath solution did not inhibit either the resting conductance or the acid-induced current (n = 3). Instead, the acid responses increased slightly. However, when BaCl 2 (5 mM) was added to the bath, the resting conductance was greatly reduced, leading to an abolishment of acid responses (n = 4; Fig. 2C ). Similar to Ba 2+ block, bath application of quinidine (1 mM) suppressed the conductance and the acid-induced responses (data not shown).
Additionally, we examined the effect of the Cl -channel blocker NPPB (0.1 mM), which reportedly blocks an acid-sensitive Cl -current (Miyamoto et al. 1998 ) and the volumesensitive Cl -current (Gilbertson, 2002) in TRCs, and found no effect on the pH-sensitive current in these cells (data not shown). Because leak currents at -40 mV might not exclusively be K leak , we further examined if the pH-sensitive K leak conductance correlated to the V rest . Decreases in membrane conductance induced by pH 5 at -60 mV were measured and correlated with V rest . As shown in Fig. 3D , the pH-sensitive K leak and V rest were correlated significantly (r = -0.78, SD = 0.38, n =15, p = 0.0006). The larger the pH-sensitive K leak , the more negative V rest .
Thus, these data provide strong evidence that the pH-sensitive K leak is a major contributor of leak current and plays a significant role in setting V rest in these TRCs. Since pHsensing and setting resting potentials are two important functions of TASK channels, our electrophysiological data suggested that either TASKs or closely related channels (like TALK-1, see below) mediated the K leak current in TRCs.
Immunocytochemistry. To determine which, if any, cloned TASKs were present in TRCs, three commercially available antibodies against TASK-1, TASK-2 and TASK-3 were used in immunocytochemical experiments. No antibodies were available for TALK-1 channels. The anti-TASK-1 antibody at 1:100 or 1:50 final dilutions failed to label TRCs, although a few nerve fibers adjacent to taste buds were immunopositive ( Fig. 4C and D). In contrast, anti-TASK-1 labeled control tissues, including a subset of neurons in the motor trigeminal nucleus of the brainstem and cerebellar granule neurons ( Fig. 4A and B) (Karschin et al. 2001; Millar et al. 2000) , The anti-TASK-3 antibody apparently did not react with TRCs either, although the antibody labeled nerve fibers, and possibly non-taste cells that were adjacent to TRCs (Fig. 4H, I and J). In contrast, anti-TASK-2 strongly labeled a small subset of TRCs from both foliate and vallate papillae (Fig. 4 . E, F and G). Interestingly, the antibody also labeled many TRCs weakly. The reactivity was seen in whole cells and not restricted to the apical compartment, consistent with previous reports that the Ba 2+ sensitive K leak is located primarily at the basolateral membrane of TRCs (Miyamoto et al. 2000) . Positively labeled TRCs generally had an elongated shape and round or oval nuclei. Western blotting of protein from circumvallate taste buds probed with anti-TASK-2 antibody confirmed expression of TASK-2 (Fig. 4K) . These results were consistent with electrophysiological data and suggested heterogeneous expression of TASK-2 in rat TRCs.
RT-PCR and qPCR.
To verify expression of TASK channels in rat taste buds, a series of reverse transcriptase polymerase chain reaction (RT-PCR) assays were performed on mRNA isolated from fungiform, foliate and vallate taste buds. PCR products for both TASK-1 and TASK-2 messages could be found in all three lingual taste bud types in a minimum of three independent experiments (Fig. 5) . To further confirm their identity, the PCR products were sequenced and the resulting sequences were compared to published sequences using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
Over the regions sequenced (461 bp for TASK-1 and 302 bp for TASK-2), there was 100 percent identity between our PCR product for TASK-1 and TASK-1 from rat cerebellar granule cells and 95% homology between rat taste bud TASK-2 and TASK-2 from mouse kidney (data not shown). RT-PCR analysis for TASK-3 expression in rat taste buds produced more equivocal results. In most assays, no bands representing the appropriately sized PCR product were found consistently in any taste bud type, though bands in the positive control lanes (e.g. from brain) were found (Fig. 5) . Rarely, however, a band was found for TASK-3 in one or more of the lanes containing one of the Since the immunocytochemical data indicated that TASK-2 expression was greater than that of TASK-1 (or TASK-3), a series of multiplexed Taqman-style quantitative real time PCR reactions were run on pooled cDNA isolated from the three lingual taste buds of several rats. In a single tube, primer sets for one of the three TASK channels or TALK-1 and a dual-labeled fluorogenic probe specific for a region within the K 2P primer boundaries was multiplexed with primers and a probe for the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each of the four K 2P channels was analyzed in this manner to determine their expression relative to GAPDH by calculating the ∆C T values for each replicate as described. To compare expression among the various K 2P channels and taste bud types, the relative expression of each K 2P channel within each taste bud type was determined with respect to an internal calibrator (i.e. the most highly expressed K 2P channel). As shown in Fig. 6 , relative TASK-2 expression in all three taste bud types is conservatively 10-100X more highly expressed than TASK-1 and TALK-1, which, in turn, is from 2-80X more highly expressed than TASK-3. Expression of TASK-2 was significantly higher than TASK-1, TALK-1 or TASK-3 within a taste bud type (e.g. TASK-2 > TASK-1 and TASK-2 > TASK-3; p<0.05), however, TASK-1 expression was not significantly different than TASK-3 expression. There were no significant differences for TASK-1, TASK-2, or TALK-1 expression within each of the three taste bud types as determined by ANOVA. Because of its exceedingly low expression, differences in TASK-3 expression among the three taste bud types were not statistically analyzed.
Discussion
In this study, we employed multiple techniques to identify a background or leak K + channel and to examine its potential function in setting V rest and transducing sour taste in TRCs of rat vallate papillae. Our results from whole-cell patch-clamp recordings demonstrated that a K leak current in a subset of TRCs exhibited high sensitivity to acidic extracellular pH. Ba Because of the functional similarity between TASK-2 and TALK-1, additional
RT-PCR and qPCR assays using primers for TALK-1 were carried out in taste buds and both positive (pancreas) and negative (liver, kidney) control tissues. Expression of TALK-1 was found in all three lingual papillae and the possibility remains that TALK-1 may be contributing to the acid-induced currents we report here. However, quantitative assays for TALK-1 mRNA expression showed it is 10-100X less prevalent than TASK-2 (cf. Fig. 6 ). Thus, of those K 2P channels with properties similar to those reported in the present study, TASK-2 seems the most likely candidate based upon its high relative expression and we have focused our discussion on this channel accordingly.
The hallmark features of TASKs coupled with the high expression of TASK-2 in mammalian TRCs (Fig. 6) suggest that TASK-2 may play important roles in TRCs. First, TASK-2 could be a sour taste transducer because of the high extracellular pH-sensitivity.
The presence of a hyperpolarizing conductance produced by TASK-2 at resting potentials provides the electrical basis for H + block-induced depolarization. Sour taste transduction can occur at both the apical and basolateral membrane of TRCs. However, tight junctions between taste bud cells and between epithelial cells separate the apical and basolateral membranes so that only limited amounts of H + normally reach the basolateral membrane of TRCs. The membrane localization of TASK-2 is not known. Since positive immunoreactivity was present in the cell body; and blockage of a basolateral background K + conductance by Ba 2+ led to depolarization and increase in the input resistance (Miyamoto et al. 2000) , it is likely that TASK-2 is expressed at the basolateral membrane. Regardless of its location, 90% of the TASK-mediated pH-sensitive current could be obtained by a slight reduction of extracellular pH from 7.4 to 6. Therefore, TASKs may be especially important in sensing weak acidic stimuli.
Second, TASK-2 could be a major determinant for setting V rest and controlling TRC excitability in some TRCs. K 2P family members like TASKs and TALK-1 conduct instantaneous current at all potentials. This is distinct from the delayed rectifier K + channel, which opens only at depolarizing potentials, and the K ir channel, which opens mostly at hyperpolarizing potentials. At <-60 mV, K ir rarely conducts significant outward current due to a rapid and highly voltage-dependent block by intracellular polyamines and also by Mg 2+ (Ruppersberg et al. 2000) . The K ir channel has been proposed for inducing the negative V rest (Sun et al. 1996) . However, in our study, the slightly outwardly rectifying current-voltage relationship of the pH-sensitive K leak and sizable leak current recorded at -40 mV suggests that K ir may not be a major contributor to V rest in these TRCs. Instead, our results that V rest in these TRCs is correlated significantly with the leak current at -40 mV and to the pH-sensitive K leak suggests that TASK-2 or TALK-1 is a major determinant for V rest in these cells. However, this by no means excludes possible contributions of K ir and other stationary conductances in control of V rest . The V rest in TRCs varies over wide ranges (Miyamoto et al. 2000) . The fact that TASK-2 is only weakly expressed in many TRCs and that V rest is not identical to E K, even in cells showing strong pH-sensitive K leak, suggests that a number of other conductances may also contribute to setting V rest of TRCs.
Acids or sour taste are known to modify other taste sensations (Frank et al. 1983; Sakurai et al. 2000) . The broad tuning of TRCs to different taste qualities makes it possible that the acid modification could occur at peripheral receptor cells levels.
However, mechanisms underlying these modifications are poorly understood. This is in part due to the fact that H + ions can interact with many ion channels, transport proteins, and intracellular signaling components; and in part due to the functional heterogeneity of TRCs. Acid modification may occur by direct interaction of H + on ion channels that function as taste transducers, such as the epithelial Na + channel (ENaCs). Protons modulate its activity and salt sensation by interaction with either the extracellular (Zhang et al. 1999) or intracellular sides of the channel (Lyall et al. 2002) . Or, the H + modification may be indirectly altering activities of ion channels and proteins that influence cell excitability. The degree of modification depends on acid concentrations and the H + sensitivity of these components.
Among many potential pH-sensitive molecular targets that could change cell excitability, K 2P channels are obvious candidates, since some channels in this family regulate membrane potential and input resistance, key determinants of cell excitability. Cells expressing the pH-sensitive K leak all had highly negative V rest near E K . The V rest closely correlated to the amount of conductance reduced by acid stimulation (r = -0.78, SD = 0.38, p = 0.0006, n =15). The larger the pH-sensitive conductance, the more negative the V rest , which suggested that the pH-sensitive K leak was responsible for setting V rest in these cells. Negative control was rat cortex (brain). 
